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FINAL  TECHNICAL  REPORT  (AFOSR-FA9550-09-1-0682)— Nano-Engineering  of  Active 
Metamaterials:  Publications  related  to  this  AFOSR  eontraet  (2009-2014)  are  listed  as  referenees  [1-84], 

Executive  Summary:  Metamaterial  phenomena  ean  be  eonsidered  to  be  an  example  of  “hybrid  material 
opties”  (based  on  the  integration  of  metals,  semieonduetors,  and  organie  maeromoleeular  materials). 
Sueh  integration  has  been  used  to  realize  and  exploit  sub-wavelength  (sub-A.)  photonie  eireuitry. 
Coneentrating  light  and  radiofrequeney  fields  in  sueh  nanometer-scale  deviee  arehiteetures  permits 
dramatie  enhaneement  of  nonlinear  optieal  phenomena  relevant  to  transformative  improvements  in 
teleeommunieation,  eomputing,  and  sensing.  There  are  two  eritieal  elements  to  advaneing 
metamaterial/hybrid  material  opties  performance:  (1)  Theory-guided  design  of  new  optieal  and  nonlinear 
optieal  materials  and  (2)  development  of  new  deviee  arehiteetures  and  resolution  of  the  challenges 
presented  by  those  new  arehiteetures.  In  the  eoarse  of  this  research,  the  performanee  of  organie  eleetro- 
optie  material  has  been  improved  to  approximately  500  pnvV  in  thin  film  arehiteetures  and  200-300  pnW 
in  sub-A,  deviees.  The  improvements  in  materials  have  been  eombined  with  new  deviee  arehiteetures  to 
realize  reeord  drive  voltage-length  faetors  (50  V-mieron),  digital  and  analog  bandwidths  (>100  Gbit/s;  > 
100  GHz),  power  effieieneies  (<  1  femtojoule/bit),  and  deviee  footprints  (<  5  mieron  ).  New  materials 
and  deviee  arehiteetures  are  being  transitioned  to  reeord  setting  demonstrations  in  teleeommunications 
and  sensing. 

Multi-Scale  Theoretical  Developments  and  Applications:  There  are  two  aspeets  to  the  multi-seale 
(quantum/statistieal  meehanics)  theoretieal  efforts  of  this  researeh:  (1)  Development  and  applieation  of 
time-dependent  density  funetional  theory  (TD-DFT)  and  Moller-Plesset  (MPn)  perturbation  theory,  which 
permit  explieit  treatment  of  applied  and  molecular  (dielectric  permittivity)  time-dependent  fields  and  (2) 
eoarse-grained  Monte  Carlo/moleeular  dynamies  eomputational  methods  eapable  of  simulating  order 
(e.g.,  lattice  dimensionality  and  aeentrie  order)  and  dynamies  (e.g.,  viscoelastieity)  in  maeromoleeular 
materials  containing  electro-optic  chromophores.  These  two  approaehes  eombine  to  form  a  multi-seale 
eomputational  method  eapable  of  providing  eritieal  guidanee  to  the  development  of  new  organie 
eleetroaetive  (ineluding  eleetro-optie)  materials. 

Multi-dimensional  methods  have  permitted  quantitative  simulation  of  linear  and  nonlinear  optieal 
properties  and  dielectric  permittivity  including  those  of  dipolar  liquids,  dendrimers,  polymers,  and 
inorganie  materials.  Theory  is  bridging  the  eoneeptual  gap  between  various  methods  of  preparing  organie 
eleetro-optie  materials  (eleetrie  field  poling,  erystal  growth,  sequential  synthesis). 

Development  and  Application  of  New  Characterization  Tools:  Critieal  to  the  development  of  reliable 
theoretieal  guidanee  and  definition  of  eritieal  strueture/funetion  relationships  is  the  ability  to  aoeurately 
measure  linear  and  nonlinear  optieal  properties,  thermal  and  photoehemieal  stability,  ete.  We  have 
assembled  a  unique  tool  set  providing  the  eapability  for  measurement  of  moleeular  first 
hyperpolarizability  by  wavelength-agile,  femtoseeond  HRS  and  by  EFISH  [11,50],  eleetro-optie  activity 
by  modified  Teng-Man  Ellipsometry  and  attenuated  total  refleetion  (ATR)  [11,50],  aeentrie  order 
parameters  by  variable  angle  polarized  absorption  speetroseopy  (VAPAS)  [11,26]  and  variable  angle 
spectroseopie  ellipsometry  (VASE)  [11]  and  by  atomie  resolution  teehniques  including  two  photon 
fluorescence  mieroseopy  [1,21],  and  measurement  of  photoehemieal  stability  at  telecommunication 
wavelengths  by  pump-probe  methods  [4,1 1]. 

Development  and  Application  of  New  Synthesis  and  Processins  Methodolosies:  We  have  pioneered 
mierowave-assisted  synthesis  as  applied  to  the  produetion  of  organie  eleetroaetive  materials  and  have 
been  a  leader  in  developing  new  lattiee  hardening  ehemistries,  partieularly  Diels-Alder/Retro-Diels- Alder 
eyeloaddition  reaetions,  whieh  have  yielded  organic  electro-optic  materials  with  glass  transition 
temperatures  exeeeding  200°C  [11,34,38,47].  Our  laboratory  has  pioneered  the  fabrieation  of  complex 
deviee  structures,  sueh  as  eoupled  multi-ring  mieroresonators  by  soft  and  nanoimprint  lithography  and  we 


have  been  aetively  involved  in  the  fabrieation  of  eonformal  and  flexible  devices  by  lift-off  techniques. 
Recently,  we  have  introduced  laser-assisted  electric  field  poling  [11,55]  as  a  means  of  improving  electro¬ 
optic  activity  while  maintaining  low  optical  loss  and  even  more  recently  we  have  demonstrated  that 
nanoscopic  metal  oxide  surface  coatings  and  surface  functionalization  with  an  oriented  chromophore 
monolayer  can  lead  to  improved  optical  nonlinearity.  We  have  also  pioneered  the  incorporation  of  organic 
nonlinear  optical  materials  into  silicon  photonic  waveguide  and  nano-slot  waveguide  device  structures. 
This  integration  has  included  utilization  of  doped  silicon  as  poling  and  drive  electrodes.  The  integration 
of  organic  NLO  materials  with  silicon  photonic  structures  has  been  extended  to  the  demonstration  of 
Reconfigurable  Optical  Add/Drop  Multiplexer  (ROADM)  devices  (for  chipscale  information  routing) 
carried  out  in  collaboration  with  Boeing.  A  significant  accomplishment  of  our  theoretical  simulations  of 
device  performance  is  the  prediction  of  concentration  of  light  in  nanoscopic  slots  etched  into  silicon 
photonic  waveguides.  These  slots  permit  nearly  lossless  transition  of  light  from  high  index  of  refraction 
silicon  into  lower  index  of  refraction  organic  nonlinear  optical  materials  for  active  control  of  light. 

Photostability  Studies:  In  a  collaborative  study  with  Professor  Peter  Gunter  of  the  ETH,  Zurich,  we  have 
analyzed  the  photochemical  kinetics  (employing  optical  pump  powers  in  the  range  400mW-lW  for 
accelerated  testing)  of  dozens  of  organic  electro-optic  materials.  Improved  analysis  and  measurement 
protocols  have  been  developed.  Singlet  oxygen  chemistry  is  the  found  to  define  the  dominant 
photodegradation  mechanisms  and  packaging  of  hardened  materials  has  yielded  photostability  figure-of- 
merit  values  (B/g  or  the  number  of  absorbed  photons  required  to  produce  a  damage  event)  as  large  as 
5000  X  10  m'  (which  would  yield  more  than  100  years  of  operation  for  normal  telecommunication 
power  levels).  Our  studies  have  been  particularly  useful  in  demonstrating  the  dependence  of 
photostability  on  chromophore  structure.  Here  we  have  space  to  illustrate  only  one  example  (Fig.  8)  but 
photostability  can  be  typically  varied  by  up  to  two  orders  of  magnitude  with  simple  variation  of 
chromophore  structure.  Note  that  chromophores  in  dendrimers  are  usually  more  stable  than  the  same 
chromophore  in  polymer  composites  consistent  with  reduced  oxygen  accessability  in  the  dendrimer 
material  lattice.  Lattice  hardening  (crosslinking)  and  use  of  singlet  oxygen  quenchers  lead  to  further 
multiple  order  of  magnitude  improvements  of  photostability.  As  with  researchers  at  Corning  ,  we  observe 
up  to  4-5  orders  of  magnitude  variation  in  photostability  for  the  same  parent  chromophore  Tr-electron 
structure  as  a  function  of  derivativation  of  that  core  structure,  lattice  hardening,  use  of  quenchers,  and 
packaging  to  exclude  oxygen.  While  photostability  issues  are  not  as  serious  for  organic  electro-optic 
materials  as  for  organic  light  emitting  device  and  photovoltaic  materials  (because  the  operational  light  is 
off  resonance  and  current  flow  is  minimum  in  EO  applications),  packaging  will  still  likely  be  required  to 
achieve  10  year  operational  lifetimes,  particularly  if  optical  power  levels  exceed  typical 
telecommunication  powers. 

In  summary,  we  have  established  the  world’s  leading  facility  for  the  characterization  and  analysis  of  the 
photostability  of  organic  electro-optic  materials,  in  both  thin  films  and  devices,  for  a  wide  range  of 
operational  optical  wavelengths  including  both  telecommunication  bands.  We  have  carried  out  definition 
of  mechanisms  of  photodegradation  for  a  wide  range  of  materials  including  chromophore/polymer 
composites;  chromophore-containing  dendrimers,  polymers,  and  dendronized  polymers;  and  for  binary 
chromophore  organic  glasses.  We  have  also  investigated  a  wide  range  of  processing  conditions  including 
examining  the  effects  of  lattice  hardening,  the  addition  of  singlet  oxygen  quenchers,  material  packaging, 
etc.  We  have  all  the  necessary  facilities  and  expertise  to  carry  out  photostability  measurements  and 
improvements  to  meet  metrics  proposed  in  the  following  sections  of  this  proposal. 

Implementation  and  Demonstration  of  Prototype  Devices:  The  two  most  commonly  implemented 
prototype  device  structures  are  shown  in  the  accompanying  figures.  Mach  Zehnder  (MZ),  In-Phase- 
Quadrature  (IQ),  and  Phase  Modulators  are  the  most  commonly  employed  modulator  configurations 
utilized  for  information  management  in  telecommunications,  computing,  and  sensing  applications. 


Incorporating  OEO  materials  into  these  device  structures  we  have  achieved  record  performance  for 
information  management.  The  results  can  be  summarized  as  follows  for  silicon-organic  hybrid  (SOH) 
and  plasmonic  silicon-organic  hybrid  (PSOH)  devices; 

For  SOH  devices,  the  following  performance  has  been  achieved  for  devices  with  analog  bandwidths 
greater  than  100  GHz  and  digital  bandwidths  greater  than  100  Gbit/s. 

Voltage-Length  Parameter:  0.5  V-mm;  Digital  Power  Consumption;  <  1  fj/bit;  Insertion  Loss:  <  10  dB; 
Device  Footprint:  <  0.25  mm 

For  PSOH  devices,  the  following  performance  has  been  achieved  for  devices  with  analog  bandwidths 
greater  than  100  GHz  and  digital  bandwidths  greater  than  100  Gbit/s 

Voltage-Length  Parameter;  50  V-micron;  Digital  Power  Consumption;  <13  fJ/bit;  Insertion  Loss:  <12 
dB;  Device  Footprint;  <  25  micron 
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Conference — 2014-Optical  Eiber  Communications  Conference,  OSA,  2014 — Invited  Eecture:  “Integrated 
silicon  organic  hybrid  (SOH)  frequency  shifter” 
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modulator  operated  with  0.6  Vpp  with  19  fJ/bit  at  1 12  Gbit/s” 


Conference — 2014-CLEO;2014,  San  Jose,  CA — Invited  Leeture:  “40  GBd  16QAM  modulation  at  160 
Gbit/s  in  a  silieon-organie  hybrid  (SOH)  modulator” 

Conference — 2014-CLEO:2014,  San  Jose,  CA — Invited  Eeeture:  “Ultra-short  silieon-organie  hybrid 
(SOH)  modulator  for  bi-direetional  polarization-independent  operation” 

Conference — 2014-40*  European  Conferenee  on  Optieal  Communieations,  Cannes,  Eranee — Invited 
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Transition  1 

a.  Dalton,  UW,  b.  Data  for  organic  electro-optic  materials,  c.  William  Krug/Boeing  Phantom  Works.,  253- 
657-8018  d.  For  a  development  of  a  research  program  for  handling  both  digital  and  analog  data 
exploiting  WDM  techniques  and  explicitly  wavelength  selective  filter  and  beam  steering  concepts.  1x4x1 
ROADM  device  delivered  to  NAVAIR — results  published  in  IEEE  Journal  of  Lightwave  Technology. 

Transition  2 

a.  Dalton,  UW,  b.  Data  relating  to  polymeric  electro-optic  materials  and  processing  protocols,  c.  Susan 
Ermer/Lockheed  Martin  Corporation,  650-424-3131  d.  For  prototyping  high  frequency,  low  drive  voltage 
modulators. 

Transition  3 

a.  Dalton,  UW,  b.  Polymeric  electro-optic  materials  and  processing  protocols,  c.  Lumera  Corporation 
(Gigoptix),  425-415-6616  d.  For  electro-optic  device  fabrication  and  consideration  for  establishing  an 
electro-optic  materials  production  facility. 

Transition  4 

a.  Dalton,  UW,  b.  Information  related  to  organic  electro-optic  materials,  c.  Ray  Chen/UT-Austin 
Microelectronics  Center  and  Radiant  Photonics,  512-338-4942  d.  For  electro-optic  device  fabrication 
and  evaluation. 


Transition  5 


a.  Dalton,  UW,  b.  Polymeric  electro-optic  materials  and  processing  protocols,  c.  James  G. 
Grote/AFRL/MLPO,  937-255-4474  ext  3263  d.  For  use  with  conducting  cladding  materials  developed  by 
AFRL. 

Transition  6 

a.  Dalton,  UW,  b.  Polymeric  electro-optic  materials  and  processing  protocols,  c.  TACAN  Corporation, 
760-438-1010  ext  3278  d.  Polymeric  electro-optic  materials  for  device  fabrication. 

Transition  7 

a.  Dalton,  UW,  b.  Polymeric  electro-optic  materials  and  processing  protocols,  c.  Professor  Robert 
Norwood,  University  of  Arizona,  520-626-0936  d.  Polymeric  electro-optic  materials  for  evaluation 

Transition  8 

a.  Dalton,  UW,  b.  Polymeric  electro-optic  materials  and  processing  protocols,  c.  Professor  Dennis 
Prather,  302-831-8170,  d.  Polymeric  electro-optic  materials  for  sensor  and  RF  photonic  applications 


New  discoveries,  inventions,  or  patent  disclosures: 

Significant  improvements  have  been  made  in  organic  electro-optic  and  sensor  materials  and  a  new 
paradigm  for  developing  materials  with  further  improvement  in  properties  has  been  validated.  Integration 
of  organic  optoelectronic  materials  with  silicon  photonics,  plasmonic,  and  metamaterial  deice 
architectures  has  been  demonstrated. 

Honors/Awards:  (Larry  Dalton,  Lifetime) 

Professional  Society  Awards 

•2011  Linus  Pauling  Award  and  Medal  (American  Chemical  Society) 

•2008  Lifetime  Achievement  Award,  SPIE-International  Society  of  Optics  and  Photonics 
•2006  lEEE/LEOS  William  Streifer  Scientific  Achievement  Award 
•2003  Chemistry  of  Materials  Award  of  the  American  Chemical  Society 
•1996  Richard  C.  Tolman  Medal  (American  Chemical  Society) 

•OEM  (Quality  Education  for  Minorities)/MSE  (Mathematics,  Science,  and  Engineering)  Network 
2005  Giants  in  Science  Award 

Election  to  Fellow  Status  of  Professional  Societies 

•Fellow,  Optical  Society  of  America 

•Fellow,  SPIE-International  Society  of  Optics  and  Photonics 

•Fellow,  American  Association  for  the  Advancement  of  Science 


•Fellow,  American  Chemical  Society  (Inaugural  Class) 

•Fellow,  Materials  Research  Society 
•Senior  Member,  IEEE 

•Awarded  Lifetime  Membership  SPIE  (sponsored  by  SPIE  and  AFRL) 

•Elected  to  the  Washington  State  Academy  of  Sciences  (2012) 

Endowed  Lectureships 

•University  of  Tennessee-Knoxville  College  of  Engineering  Distinguished  Lecturer  (March  2012) 

•2012  Department  of  Energy  CNMS  Discovery  Lecturer,  Oak  Ridge  National  Laboratory 

•2011  Lloyd  N.  Ferguson  Distinguished  Lecturer,  California  State  University,  Los  Angeles 

•University  of  Utah,  College  of  Science,  Frontiers  of  Science  Lectures,  Davern/Gardner 
Laureateship  (2007) 

•Dow/Karabatsos  Lecture  Series  and  the  Alumni  Distinguished  Lectureship,  Michigan  State 
University  (2005) 

•AFRL  Materials,  Manufacturing  &  Enabling  Technologies  Wright  Centennial  Lecture,  Dayton, 
2004 

•2003  Eastman  Lecturer,  University  of  Akron 

•2002  Inaugural  Lecturer  of  the  National  Science  Foundation  Distinguished  Lecture  Series 

•Paul  C.  Cross  Lectureship,  University  of  Washington,  Seattle,  WA  (1996) 

•NASA  Lecturer,  Fifty-Fourth  Frontiers  in  Chemistry  Lecture  Series  (1995),  Case  Western 
Reserve  University 

Othe  Awards  including  University,  Federal  and  Private  Foundation  Awards 

•Larry  Dalton  Festschrift  Issue  of  the  Journal  of  Physical  Chemistry  {\/o\.  112,  no.  21,  May  29, 
2008),  American  Chemical  Society  http://pubs.acs.org/toc/ipccck/112/21 

•Award  honoring  the  contributions  of  Larry  R.  Dalton  to  Research  and  Education  sponsored  by 
Norfolk  State  University,  the  Center  for  Materials  Research,  and  the  Materials  Research  Society 
Student  Chapter  (July  5,  2012) 

•Special  Symposium  on  Nonlinear  Optical  Polymers  (SPIE  Optics  +  Phontonics  Conference, 

San  Diego  2008)  honoring  the  contributions  of  Professor  Larry  Dalton 


•2000  Michigan  State  University  Distinguished  Alumni  Award 


•The  1990  University  of  Southern  California  Associates  Award  for  Creativity  in  Research  and 
Scholarship 

•1986  Burlington  Northern  Foundation  Faculty  Achievement  Award 
•SCEEE  Fellow  (81) 

•NIH  Research  Career  Development  Awards  (Two  Awards,  one  at  Stony  Brook,  one  at 
Vanderbilt,  76-81) 

•Camille  and  Flenry  Dreyfus  Teacher-Scholar  Award  (75-77) 

•Alfred  P.  Sloan  Fellowship  (74-77) 

Honors  and  Awards:  Co-PI: 

Bruce  H.  Robinson  (Awards  2009-2014) 

•  Elected,  Fellow  of  the  American  Association  for  the  Advancement  of  Science 

Awards  Received  by  Graduate  Students  Working  on  This  Project: 

•Stephanie  Benight,  SPIE-International  Society  for  Optics  and  Photonics  Educational  Scholarship;  Invited 
Participant  at  the  2009  Meeting  of  Nobel  Laureates  in  Landau,  Germany 


